Introduction
============

Conventional *in vitro* fertilization (IVF) provides the possibility for fertilization in cases of infertility, but this technique is not effective for in cases of severe male factor infertility. In these cases, sperm cannot penetrate the zona pellucida, and intracytoplasmic sperm injection (ICSI) is applied to overcome this problem. ICSI has the potential to achieve fertilization even in cases of severe oligoasthenoteratozoospermia. There is a 60% to 70% fertilization rate in ICSI, but total fertilization failure occurs in 2% to 3% of ICSI cycles.

Several studies have proposed that fertilization failure after ICSI can be explained by defects in oocytes, sperm, or the ICSI procedure \[[@B1][@B2]\]. Lack of viability, abnormal chromatin status, inability of the sperm nucleus to decondense, and/or inability of sperm to activate oocytes are sperm defects that may account for failed fertilization after ICSI \[[@B3]\]. Investigation of unfertilized oocytes after ICSI reveals that these oocytes remain inactivated despite proper injection of spermatozoa \[[@B4][@B5]\]. More than 80% of unfertilized oocytes are arrested at the metaphase II (MII) stage, possibly due to failed oocyte activation \[[@B6]\].

During failed fertilization, the meiosis-to-mitosis transition is impaired, and thus fertilization failure is defined as failure of the M-G1 (growth phase-synthetic phase-G2 phase-mitosis phase) transition in MII oocytes \[[@B6]\]. Oocyte activation is characterized by a dramatic rise in intracellular calcium concentration, which in mammals takes the form of calcium oscillations driven by an elevation in inositol triphosphate (IP3) concentrations \[[@B7][@B8]\]. These oscillations have been proposed to be driven by a recently described phosphoinositide-specific phospholipase C, PLC-Z, which is a soluble sperm factor delivered to the egg following membrane fusion \[[@B9]\]. The induced calcium oscillation leads to resumption of meiosis, decondensation of the sperm nucleus, maternal RNA recruitment, formation of male and female pronuclei, initiation of DNA synthesis, and cleavage. Activation of the oocyte results in a cascade of events including extrusion of the second polar body, decondensation of a haploid set of chromosomes, formation of a nuclear membrane around the chromosomes and initiation of embryonic development \[[@B10][@B11]\].

Complete immotility of a sperm sample despite short culture in media is one cause of total fertilization failure in assisted reproductive technology (ART). Even before the introduction of ICSI, many investigators sought to prove that some phosphodiesterase inhibitors could improve or even induce sperm motility \[[@B12]\]. The most commonly used inducer of sperm motility is pentoxifylline (PF); in ART, the beneficial effects of PF on sperm motility and fertilization capacity in asthenozoospermia have been confirmed \[[@B13][@B14]\]. PF is a phosphodiesterase inhibitor of the methylxanthine group. It inhibits the breakdown of cyclic adenosine monophosphate, which is known to play a pivotal role in sperm motility \[[@B15]\].

In the IVF laboratory, artificial oocyte activation (AOA) and PF can be used in cases of male factor infertility. However in some cases, sperm motility is not restored despite PF treatment. In these cases, AOA can be carried out after PF-ICSI. There are few studies focused on PF treatment and AOA in cases where spermatozoa have no motility. Thus, the aim of this study was to evaluate the efficiency of PF and AOA on fertilization, cleavage rates, embryo development, and pregnancy rates after ICSI in cases of male factor infertility.

Methods
=======

1. Patient selection
--------------------

This study included patients who underwent AOA with a calcium ionophore after testicular sperm extraction-ICSI (TESE-ICSI) (AOA group; n=29) and patients who underwent TESE-ICSI without AOA (control group; n=480) at our center between January 2006 and June 2013. AOA group patients had a history of failed fertilization (n=3) or low fertilization (\<45% of fertilization rate; n=26) in previous cycles. In this retrospective study, only ICSI cycles involving male factor infertility were included. Testicular sperm were evaluated according to World Health Organization criteria.

2. Ovarian stimulation
----------------------

Ovarian stimulation was achieved using a gonadotropin-releasing hormone (GnRH) agonist (Lucrin, Abbott Korea Ltd., Seoul, Korea; Suprefact, Sanofi-Aventis Deutschland GmbH, Frankfurt am Main, Germany) and GnRH antagonist (Cetrotide, Merck Serono, Geneva, Switzerland or Orgalutran, Schering-Plough Organon, Oss, the Netherlands). Recombinant human chorionic gonadotropin (hCG) (Ovidrel, Merck Serono) was administered subcutaneously in a single 225 IU dose when the dominant follicle reached a maximum diameter of 18 mm or greater. Vaginal ultrasound-guided follicle puncture was performed 34-36 hours after hCG injection. Retrieved oocytes were cultured for several hours in germinal vesicle (GV) series medium (Vitrolife, Kungsbacka, Sweden) at 37℃ in an atmosphere of 6% CO~2~ under humidified conditions. All oocyte handling procedures were conducted on warm stages using conventional methods.

3. Testicular sperm preparation
-------------------------------

Testicular tissue specimens were obtained from non-obstructive azoospermia and obstructive azoospermia patients undergoing TESE. Testicular tissues were dissected and placed in a Petri dish filled with Ham\'s F-10 media with 0.4% human serum albumin (HSA, Sigma, St. Louis, MO, USA). For sperm extraction, the seminiferous tubules were washed two to three times in medium and squeezed with fine forceps under 10× magnification. The specimen was centrifuged at 1,460 rpm for 5 minutes and the pellet was suspended with G-GAMETE media (Vitrolife) and centrifuged again. The specimen was then incubated at 37℃ in 6% CO~2~ under humidified conditions.

4. ICSI and calcium ionophore treatment
---------------------------------------

After oocyte retrieval, oocytes were incubated in culture media (G-FERT, Vitrolife) with 10% HSA (Vitrolife) and treated in hyaluronidase (Sigma) in G-FERT medium. Oocytes were washed in fresh G-FERT and transferred to G-GAMETE under oil in a Falcon 1006 dish (Falcon, Franklin Lakes, NJ, USA) prepared for ICSI. For ICSI, individual oocytes were placed in droplets of buffered G-GAMETE medium. Sperm was placed in a central droplet of polyvinylpyrrolidone solution (PVP, SAGE, Trumbull, CT, USA) in a Falcon 1006 ICSI dish covered with warm mineral oil (SAGE oil, SAGE). Testicular sperm were assessed for motility; when there were no motile sperm, 5 mM PF (Sigma) was added to induce motility. Sperm injection was carried out on the heated stage (37℃) of an inverted microscope 38 hours after administration of the recombinant hCG trigger. After 30 minutes, post-ICSI oocytes were incubated in culture medium containing 10 uM calcium ionophore A23187 (Sigma) for 5 minutes at 37℃ and 6% CO~2~. The oocytes were then washed and placed in fertilization medium (G-FERT, Vitrolife) in the incubator under the same conditions.

5. Assessment of fertilization and embryo development
-----------------------------------------------------

Between 16 to 18 hours after ICSI, normal fertilization was assessed by the presence of two pronuclei. Embryo quality and fertilization were evaluated 24 or 48 hours after normal fertilization. The following parameters were analyzed: number of blastomeres, fragmentation percentage, variation in blastomere symmetry, and defects in cytoplasm. The assessment of fertilization and cleavage was performed by experienced embryologists.

6. Embryo transfer and pregnancy rate
-------------------------------------

Embryo transfer was performed on the second or third day of fertilization. One to four embryos were transferred, depending on the embryo quality, number of previous failed cycles and the age of the woman. Twelve days after oocyte collection, the blood concentration of β-hCG was measured (\>5 mIU/mL).

7. Statistical analysis
-----------------------

Results were expressed as mean±standard deviation for numeric variables. Mean values were compared by Student\'s *t*-test, and proportions were compared using the chi-squared test depending on the sample size.

Results
=======

1. Comparison of clinical outcomes between the PF-treated AOA group and control group
-------------------------------------------------------------------------------------

We divided TESE-ICSI (ICSI using testicular sperm) patients into two groups and compared clinical outcomes between the AOA group (n=29) and the control group (n=480). Female age (31.6±3.6 vs. 33.1±4.2 years), the number of retrieved oocytes (18.7±10.1 vs. 14.3±8.4), and the fertilization rate (66.2%±25.8% vs. 74.3%±20.9%) were not significantly different between the two groups. The quality of embryos (52.3%±28.6% vs. 66.9%±29.3%, *p*\<0.05) was significantly lower in the AOA group compared with the control group. The β-hCG positive (20.7% vs. 52.1%) and delivery (10.3% vs. 40.8%) rates were significantly lower in the AOA group than in the control group ([Table 1](#T1){ref-type="table"}).

2. Comparison of clinical outcomes among the AOA group according to sperm motility after PF treatment
-----------------------------------------------------------------------------------------------------

In the 17 cases in the AOA group, sperm motility was not restored after PF treatment. These cases were assigned to undergo to ICSI with non-motile spermatozoa. Clinical outcomes were compared between the motile sperm ICSI and the non-motile sperm ICSI, and there were no differences between the two groups ([Table 2](#T2){ref-type="table"}).

3. Clinical outcomes in AOA patients with previous total fertilization failure
------------------------------------------------------------------------------

The clinical outcomes of the three cycles with total fertilization failure in previous cycles were analyzed after AOA-TESE; fertilization rates were 100%, 45.5%, and 65%, respectively. Moreover, embryo transfer was performed in all three cycles without cancellation, although clinical pregnancy was not achieved ([Table 3](#T3){ref-type="table"}).

Discussion
==========

IVF has been helpful in many cases of infertility, and ICSI has offered hope of achieving fertilization in cases of severe male infertility. However, a small number of oocytes remain unfertilized despite injection of spermatozoa. The low fertilization rate or total fertilization failure that occurs in some ICSI cases is due to non-activated oocytes. Several studies have reported success after previous fertilization failures by artificially activating oocytes \[[@B16]\]. In humans, the AOA protocol has included methods such as electrical stimulation and chemical treatments such as calcium ionophores. Calcium ionophore treatment is the most frequently used clinical method of oocyte activation. It has been suggested that the calcium oscillation pattern during oocyte activation may influence not only fertilization but also embryo development and, therefore, implantation \[[@B16]\]. Montag et al. \[[@B17]\] reported that AOA has particularly great potential in patients who show compromised fertilization rates below 30% after standard ICSI. AOA can promote a rise in intracellular calcium concentration, resulting in higher fertilization rates. The improved quality of embryos in several reports may be related to optimal oocyte activation, as optimized calcium oscillations can affect embryo development. Calcium oscillations may also participate in long-term embryonic events that go beyond its role as the stimulus for meiotic resumption \[[@B18]\]. The exact mechanism by which intracellular calcium influences embryonic development is not completely understood; however, it has been postulated that the calcium oscillation pattern may partly act through gene expression regulation \[[@B19][@B20]\].

In many cases, testicular sperm are immotile after biopsy, especially after the thawing of frozen testicular samples \[[@B21]\]. In the absence of motile sperm, biologists perform ICSI with immotile sperm; however, injection of immotile sperm results in decreased fertilization and pregnancy rates. Tug et al. \[[@B19]\] demonstrated the relationship between the percentage of non-motile sperm cells and total comet scores, providing evidence that DNA damage in spermatozoa and sperm motility parameters are negatively correlated. It has been reported that sperm with damaged DNA have a negative influence on pregnancy outcome \[[@B20]\].

PF treatment and AOA are generally performed to increase the fertilization rate in ICSI cases with a history of total fertilization failure in previous cycles or in cases of expectedly low fertilization rates due to the use of poor quality sperm. In our study, the good embryo rate, β-hCG positive rate and delivery rate were lower in the PF/AOA group than in the control group ([Table 1](#T1){ref-type="table"}). These differences in clinical outcomes may be influenced by sperm DNA integrity in PF/AOA cycles, a possibility that is supported by a previous report indicating that sperm motility may be correlated with its DNA integrity \[[@B22]\]. To analyze the effects of the restoration of sperm motility after PF treatment on clinical outcomes, the PF/AOA group was subdivided into two subgroups according to sperm motility: a motile sperm-injected and a non-motile sperm-injected group. There was no difference in fertilization rate, pregnancy rate and delivery rate between the two groups ([Table 2](#T2){ref-type="table"}). The AOA group also included three cases with a history of fertilization failure in a previous cycle. Two of these cases did not achieve pregnancy while one case achieved a chemical pregnancy ([Table 3](#T3){ref-type="table"}). However, in cases of total fertilization failure or lower fertilization rate in the previous cycle, AOA treatment prevented cancellation of the embryo transfer cycles owing to fertilization failure.

In conclusion, AOA may be useful in selected patients who have a low fertilization rate or total fertilization failure. Our data suggests that oocyte activation is a useful method to ensure fertilization in a TESE-ICSI cycle regardless of the restoration of sperm motility after PF treatment.

**Conflict of interest:** No potential conflict of interest relevant to this article was reported.

###### Comparison of clinical outcomes after ICSI in artificial oocyte activation and control groups
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Values are presented as mean±standard deviation or number (%).

ICSI, intracytoplasmic sperm injection; PF, pentoxifylline; AOA, artificial oocyte activation; NS, not significant; 2PN, 2 Pronucleus; hCG, human chorionic gonadotropin.

###### Effect of artificial oocyte activation with a calcium ionophore on fertilization rate, cleavage, and embryo quality after ICSI with non-motile and motile sperm
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Values are presented as mean±standard deviation or number (%).

ICSI, intracytoplasmic sperm injection; NS, not significant; 2PN, 2 Pronucleus; hCG, human chorionic gonadotropin.

###### Pregnancy results following oocyte calcium ionophore activation in cycles for patients with previous total failure of fertilization in TESE-ICSI cycles
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TESE-ICSI, testicular sperm extraction-intracytoplasmic sperm injection; N, no pregnancy; C, chemical pregnancy.
